A recent spurt in the universal interest to study alternatives to the conventional DX refrigeration systems and use of natural refrigerants as secondary fluids has been visible. This investigation presents a comparative analysis between carbon dioxide and other working fluids for use in forced circulation-type secondary loops suitable for various refrigeration and air conditioning applications. The comparison is made on the basis of equal heat transfer rate, frictional pressure drop per unit length, temperature drop/ rise of secondary fluid and mean temperature difference between the secondary fluid and heat exchanger tube wall. Employing friction factor and heat transfer correlations, equations are obtained for diameter ratio, area ratio, mass ratio and pumping power ratio. Results show that employing carbon dioxide in place of other conventional secondary fluids except water leads to compact and lightweight heat exchangers, despite the high-pressure operation of carbon dioxide-based loops. The pumping power required is much smaller as well in case of carbon dioxide compared with all other fluids for the wide range of operating temperatures. Though results are presented here for the case of cooling only, calculations indicate similar trends for the heating configuration as well. Carbon dioxide appears to be an excellent secondary fluid for a wide range of refrigeration and air conditioning applications and it could turn out to be a disruptive technology for such applications in view of its benign environmental footprint.
INTRODUCTION
Synthetic refrigerants are being phased out worldwide to combat the twin menace of the ozone layer depletion and global warming. The objective to attain holistic environmental safety has facilitated the recent emergence of natural refrigerants as the more benign working fluid in refrigeration and heating systems. Several natural refrigerants are regaining their importance and are on a path of revival. However, many of these natural refrigerants are either toxic or flammable, or both. In such cases, it is desirable to reduce the amount of refrigerant used in the system and restrict the refrigerant to the refrigerant plant room. The addition of a secondary fluid loop to transfer heat between the refrigeration plant and the refrigerated space fulfills both these purposes. Reduction in the amount of refrigerant used also leads to faster pump-down and defrost. Secondary fluid loops are widely used in various refrigeration, air conditioning and heating applications [1] [2] [3] [4] . A recent spurt in the universal interest to study alternatives to the conventional DX refrigeration systems and use of natural refrigerants as secondary fluids has been visible. Traditionally used secondary fluids are water, brines, glycols, alcohols etc. Recent studies show that carbon dioxide may also be used as an alternate secondary fluid; it is an environmentally benign natural working fluid with no ozone depletion potential and negligible global warming potential. It is also inexpensive, nonexplosive, nonflammable and abundant in nature. In addition to these benefits, due to certain favorable thermophysical properties and near critical point operation, carbon dioxide-based secondary loops offer many advantages compared with the conventional working fluids [5] [6] [7] [8] . However, unlike other conventional secondary fluids, the carbon dioxide-based secondary loops operate at very high pressures, which, requires components that can withstand the high pressures. Hence, it may be essential to evaluate the size and weight of the carbon dioxide based systems in comparison with the conventional fluids. Size and weight not only affect the initial cost, but also become important when one considers applications such as mobile 
DESIGN CONSIDERATIONS AND COMPARATIVE ANALYSIS
As shown in Figure 1 , a secondary loop consists of a cold heat exchanger, a hot heat exchanger, a pump and piping. The secondary fluid flowing through the secondary loop extracts heat from the refrigerated space in the hot heat exchanger and rejects this heat to the refrigerant in the cold heat exchanger (evaporator of the refrigeration plant). As a pump is used for circulation of secondary fluid, additional power input is required for running the pump, over and above the power input required to run the refrigeration plant. In addition, introduction of secondary loop in a refrigeration system calls for an additional heat exchanger, piping and insulation. Factors to be considered in the design of secondary loop are power input to the pump, size of piping, insulation and dimensions of the heat exchanger. In this work, comparison is made among different fluids for the same heat transfer rate, temperature rise/drop of secondary fluid, mean temperature difference between hot and cold fluids in heat exchangers and the same pressure drop per unit length. While considering the same pressure drop per unit length, diameter of tubes are not kept the same.
To arrive at a simple relation among different fluids, the following equations are used:
Mass flow rate (m) of secondary fluid,
where Q is the required heat transfer rate, C p is the specific heat and DT is the temperature rise/drop of secondary fluid across hot and cold heat exchanger. The pressure drop on secondary fluid side is given by,
where Dp is the pressure drop, L is the length, d is the internal diameter of the tube, r is the density and V is the velocity. Assuming turbulent flow, the friction factor f is calculated using Blasius correlation:
where Reynolds number (Re),
where m is the dynamic viscosity. Hence, for comparison between two fluids 1 and 2, the diameter ratio may be expressed as:
As mentioned before, in this study, a comparison is made between two chosen fluids for identical quantities of the following parameters: heat transfer rate (i.e. Q 1 ¼ Q 2 ), secondary fluid temperature rise/drop across heat exchangers (i.e. DT 1 ¼ DT 2 ), mean temperature difference between the secondary fluid and the tube wall in heat exchangers (i.e. DT m,1 ¼ DT m,2 ) and pressure drop per unit length (i.e.
Under these conditions, Equation (6) becomes:
Thus, the diameter ratio (D r ) for the case presented above depends only on the fluid properties. Now for the same conditions as stated above, the ratio of required heat transfer area of heat exchangers on the secondary fluid side can be obtained. Here, for the sake of simplicity, it is assumed that the secondary fluid flows through circular tubes in both hot and cold heat exchangers. As no phase change on secondary fluid is considered, the heat transfer coefficient on secondary fluid side can be obtained by applying the wellknown Dittus-Boelter correlation:
where a is the heat transfer coefficient, k is the thermal conductivity, Pr is the Prandtl number. The exponent n takes a value 0.4 for heating and 0.3 for cooling. Applying the same conditions as before (i.e. identical Q, DT, DT m and Dp/L), it can be easily shown that the ratio of convective heat transfer coefficients for secondary fluids 1 and 2 is given by: As the heat transfer rate is given by Q ¼ aADT m , and as Q and DT m are kept the same for all the fluids, the area (A) ratio is simply the inverse of heat transfer coefficient ratio expressed as:
The internal area being A ¼ pdL, the heat exchanger length ratio
Therefore, the secondary fluid mass ratio is given by:
Assuming identical tube wall material (copper) for all the fluids, the bare tube mass ratio calculated based on the wall thickness required to withstand the operating pressure is given by:
It may be noted that the above mass ratio is obtained based on strength calculations assuming the thin cylinder formula to hold good for the heat exchanger tubes. However, in actual systems, generally standard commercially available tubes are used, whose thickness is much higher than required for fluids, which operate at low pressures (e.g. water, glycols). Based on the use of commercially available tubes, one can derive an equation for total mass ratio of heat exchangers (bare tube mass þ internal fluid mass). However, this requires the absolute values of commercially available tube wall thickness (t) and density of the tube wall material. As mentioned earlier, if we assume the tubes to be made of copper for all the fluids considered here, then the total mass ratio of heat exchanger based is given by:
Finally assuming the same pump efficiency for all the fluids, one can derive a relation for the ratio of pumping power for the secondary fluid pump (W P,r ) given by :
4 RESULTS AND DISCUSSION Figure 2 shows the variation of diameter ratio of different fluids with operating temperatures. It is observed that for all the fluids, carbon dioxide is best fluid in the temperature range 230 to 2158C. In the temperature range 215 to 2108C only Freezium and NaCl brine have the diameter ratio marginally smaller than unity. For the temperature above 08C, some fluids (Freezium, EG, PG, NaCl brine and water) result in marginally smaller diameter ratio up to some temperature range. The reason why carbon dioxide requires smaller diameter tubes may be attributed to its very low value of viscosity compared with other fluids. Thus from the diameter ratio point of view, CO 2 appears to be best the fluid for the temperature range 0 to 2308C. Figure 3 shows the variation of area ratio for different fluids with operating temperatures. From the figure, it is seen that for all the fluids, the internal area required is larger than that required for carbon dioxide. From the expression for area ratio, it is obvious that this may be attributed mainly to very low viscosity of carbon dioxide. Even though the thermal conductivity of glycols, brines and water is higher than carbon dioxide, the much higher ratio of viscosity gives rise to larger area ratios for all the fluids. Calculations show that the length ratio, L r (Equation 12), is also higher than unity for all the fluids. Thus, use of carbon dioxide in place of other fluids appears to be favorable, as it requires the least heat transfer area. Figure 4 shows the variation of fluid mass ratio with operating temperatures. As carbon dioxide requires small diameter tubes of shorter length, the internal volume of the tubes is much smaller with carbon dioxide compared with other fluids; hence, the mass ratio of fluids is much larger than unity for all the fluids. It should be mentioned here that the effect of fluid density on fluid mass ratio is not very strong as the density of saturated liquid CO 2 is close to that of all other secondary fluids. Figure 5 shows the ratio of bare tube mass obtained based on strength calculations with the temperature. As mentioned earlier, compared with CO 2 the operating pressures of all other secondary fluids considered in this study are much lower. For strength calculations, absolute pressure (2 bar) is considered for all secondary fluids except carbon dioxide for the entire range of temperature. For carbon dioxide, 35 and 51 bar absolute pressures are considered for temperatures below and above 08C, respectively. As the bare tube mass depends on the mean diameter and wall thickness, it is seen that the bare tube mass ratio based on strength calculations is smaller than unity for many fluids, particularly at higher temperatures as shown in Figure 5 . At lower temperatures, the bare tube mass ratios of glycols (EG and PG), Syltherm XLT and Dowtherm Q are Figure 2 . Variation of diameter ratio with temperature. Figure 3 . Variation of heat exchanger area ratio with temperature.
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higher than unity due to larger mean diameters. Though Figure 5 implies that for other fluids the bare tube mass is much lower than that of CO 2 , in practice, as mentioned earlier, tubes of standard wall thickness are used even though the thickness required from strength calculations is much lower. If one considers the standard, commercially available tubes for all the fluids, then the bare tube mass ratio will be given by Equation (15). It can be easily shown that the bare tube mass ratio thus calculated will be much higher than unity for most of the secondary fluids.
4.5 Total (bare tube 1 internal fluid) mass ratio Figure 6 shows the variation of total mass ratio with temperature for different secondary fluids. Here, the total mass includes the mass of the secondary fluid and the bare tube mass calculated based on commercially available copper tubes (ASTM B88). For calculating tube mass of commercial copper tubes, M-type tubes are used for all the working fluids except CO 2 as the operating pressures of these fluids are very low compared with CO 2 throughout the temperature range. In case of CO 2 , M-type tubes of 3/8 00 nominal diameter are used for temperatures ,08C and L-type tubes of 3/8 00 nominal diameter are used for higher temperatures. Figure 6 exhibits, quite counter-intuitively, that even though the operating pressures are very high in case of CO 2 , the total mass is much lower compared with most of the secondary fluids considered in this study. Only water offers marginally lower total mass compared with CO 2 for the temperature range 0-88C. However, water cannot be used for sub-zero temperatures. Hence, CO 2 is clearly best suited as a secondary fluid as it leads to compact, and interestingly lighter heat exchangers compared with other conventional secondary fluids. It should be mentioned here that while estimating heat exchanger mass, the external fluid side is not considered as it is assumed that the external fluid side remains the same for all the secondary fluids.
Pumping power ratio
The pumping power ratio, as given by Equation (16), depends on length ratio, specific heat ratio and inverse of density ratio. As mentioned before, the length ratio of all the fluids is greater than unity, whereas the density ratio is close to unity for all the fluids. The specific heat (C p ) of CO 2 is lower than that of other fluids at lower temperatures except Syltherm XLT and Dowtherm Q. Because of these combined effects, the pumping power ratio of all the secondary fluids below 08C is found to be greater than unity as shown in Figure 7 . Pumping power ratio of some fluids (water, NaCl brine, EG and Freezium) are marginally smaller than unity for the temperature above 08C. As NaCl brine is corrosive, it may not be a suitable secondary fluid, especially at lower temperatures. Thus from pumping power point of view also, CO 2 appears to be the best secondary fluid over a wide range of temperature.
CONCLUSIONS
A recent spurt in the universal interest to study alternatives to the conventional DX refrigeration systems and use of natural refrigerants as secondary fluids has been visible. This investigation presents a comparative analysis between carbon dioxide and other working fluids for use in forced circulation-type secondary loops suitable for various refrigeration and air conditioning applications. The comparison is made on the basis of equal heat transfer rate, frictional pressure drop per unit length, temperature drop/rise of secondary fluid and mean temperature difference between the secondary fluid and tube wall. Using simple friction factor and heat transfer correlations, simple equations are obtained for diameter ratio, area ratio, mass ratio and pumping power ratio. Results are presented for the case of turbulent flow and sensible cooling of the secondary fluid (in liquid phase). The results clearly show that the use of carbon dioxide gives rise to compact, and contrary to expectations, lightweight heat exchangers, despite the very high operating pressures. The pumping power required is also found to be much smaller for CO 2 compared with other fluids for the wide range of operating temperatures. Though results are presented here for the case of cooling only, calculations show that similar conclusions can be arrived at for the case of heating also. Though the cost of insulation of connecting pipes is not considered in this study, because carbon dioxide requires smaller diameter tubes for the same frictional pressure drop per unit length, the cost of pipe insulation of carbon dioxidebased systems should be lower compared with other fluids. Carbon dioxide appears to be an excellent secondary fluid for a wide range of refrigeration and air conditioning applications and it could turn out to be a disruptive technology for such applications in view of its benign environmental footprint.
